A comparison of the lipid damage produced in different hake zones was carried out during the frozen storage at -11°C and -18°C. Three light muscle zones and the dark muscle were considered. Lipid oxidation (conjugated dienes; thiobarbituric acid index, TBA-i; fluorescence formation) and hydrolysis (free fatty acids, FFA) were determined.
INTRODUCTION
During the frozen storage of fish, quality may decline as a result of several factors. One of the most important concerns the oxidation of highly unsaturated lipids present in fish species which leads to the production of off-flavours and odours and shorten the shelf life of fish products (1, 2) .
Lipid damage studies during the frozen storage have been mostly focused in fatty fish species (3) (4) (5) . In the case of lean fish such as gadoid species, quality loss has been mainly associated to formaldehyde (FA) formation; however, lipid hydrolysis and oxidation have shown to occur and become an important factor of fish acceptance (6, 7) , as influencing protein denaturation, texture changes and functionality loss (8) (9) (10) .
Indeed, the relative influence of FA and lipid damage products in quality loss has been evaluated during the frozen storage of lean fish species (11, 12) .
Fish constituents have not shown to be homogeneously distributed along the body of a fish (13, 14) . Zonal differences such as lipid content, proximity to dark muscle and viscera, external or internal location and presence of non-lipid material can develop a differential lipid damage pattern. Some experiments related to fatty fish have reported notorious differences concerning the lipid damages of different zones during processing (3, (15) (16) (17) .
In the case of lean fish species, some investigation has been carried out related to differences on lipid composition of the light and dark muscles (18) . However, no information is available concerning the behaviour of different muscle parts as a result of processing and storage. The present work provides a comparison of lipid damages measured in four different zones of hake muscle during the frozen storage.
MATERIALS AND METHODS
Raw material, freezing, frozen storage and sampling Fresh hake (Merluccius merluccius) was obtained in a local market. Upon arrival in our laboratory, individual fish were eviscerated, frozen at -40°C and then distributed into two storage conditions: -18°C and -11°C. At each storage temperature, hake was divided into three batches that were analysed separately along the whole experiment.
Individual hakes of each batch were taken for subsequent analysis at the following storage times: 0, 1, 3, 6 and 12 months.
Four different muscle parts were considered and sampled separately in the present study ( Figure 1 ): the dorsal (D) zone (placed upon most viscera and being a great proportion of fish flesh), the tail (T) zone (located far away from viscera, with a high collagen content and close proximity to dark muscle), anterodorsal (AD) zone (placed just upon the kidney, where a great FA content might be produced) and dark or red (R) muscle (with a higher lipid content and presence of prooxidants).
Water and lipid contents
Water content was determined by weight difference of the homogenised muscle (1-2 g) before and after 24 hours at 105°C; results were calculated as grams of water / 100 g of muscle. Lipids were extracted by the Bligh and Dyer (19) method; results were calculated as grams of lipids / 100 g of muscle.
Determination of lipid damages
Conjugated dienes (CD) formation was measured at 233 nm (20) . Results are expressed according to the following formula: CD = B x V / w, where B is the absorbance reading at 233 nm, V denotes the volume (mL) of the sample and w is the mass (mg) of the lipid sample.
The thiobarbituric acid index (TBA-i) (mg malondialdehyde / kg sample) was determined according to Vyncke (21) .
Free fatty acids (FFA) content was determined by the Lowry and Tinsley (22) method based on complex formation with cupric acetate-pyridine. Results are expressed as grams of FFA / 100 g lipids.
Fluorescence analysis
A Perkin-Elmer LS 3B fluorescence spectrophotometer was employed. 
Statistical analysis
The Statistica package (26) was employed. Data from the different lipid damage measurements were subjected to the ANOVA one-way method and correlation analysis (p < 0.05). Regression analysis and slope comparison of FFA in the four muscle zones were carried out according to Glantz and Slinker (27) .
RESULTS
Water contents ranged between 79% and 82% in the three light muscle zones.
The dark muscle showed a lower proportion that was included in the range 69-74%. No differences in the water content were obtained as a result of the time/temperature conditions during the frozen storage in any of the four zones.
No differences in the lipid content were also obtained in any of the four zones as a result of the frozen storage. Lipid contents ranged between 7% and 12% in the dark muscle and between 0.5% and 1.1% in the three light muscle zones, according to a known inverse relationship between lipid and water contents (3, 15) . No differences could be inferred in the lipid content between the three light zones. In the case of fatty fish species, differences in lipid content have been shown between light muscle zones (16, 17, 28 ).
Lipid oxidation
At the level of primary oxidation, little significant differences were obtained between the three white muscle zones along the different time/temperature conditions (Table 1 ). It could be assumed that conjugated dienes (CD) formation was the same in all of them. However, the dark muscle showed in all cases lower levels than the other three zones.
If we consider the time/temperature CD evolution in each zone, a general increase in the four zones is observed at month 1 at -11°C; then, at this temperature, a decrease is observed at month 3, followed by no changes till the end of the storage. This increase lack, in spite of increasing the storage time, could be explained by the fact that conjugated dienes have been reported to be relatively unstable and capable of interacting with other constituents present in the muscle leading to relatively lower 6 levels in the CD detection (23, 29, 30). In the case of the dark muscle, higher values are obtained in the -11°C samples than in the corresponding -18°C ones; in the light muscles however, no differences as a result of the storage temperature can be pointed out after 3 months of storage.
Concerning the secondary lipid oxidation, the three white muscles showed relatively low TBA-i values (Table 2 ) compared to frozen fatty fish results (3, 25) and could not be significantly differentiated between themselves. In most cases higher values were obtained for the dark muscle, that showed a higher oxidation development, similar to the one obtained for a light muscle from a fatty fish species. The dark muscle showed higher values for samples stored at -11°C than for the corresponding -18°C ones. Little differences where obtained for each of the light muscle zones as a result of the storage temperature.
Considering the time/temperature evolution of TBA-i values obtained, a progressive increase till month 6 was observed for the four zones. Then, after 12 months, a slight decrease was observed that could be explained by the fact that TBA reactive substances are prone to interact with biological constituents present in the fish muscle leading to a decrease in the TBA-i detection in spite of increasing the fish damage (20, 31) .
Interaction compounds formed by reaction between lipid oxidation products and biological amino constituents were measured by the fluorescence ratio values (23-25) ( Table 3 ). The one month sampling did not provide significant differences between the four zones. However, after 3 months of storage at -11°C higher δF values were obtained in the case of the dark muscle than in the light ones, showing again as in the case of the TBA-i a higher oxidation level; this higher δF value was maintained till the end of the storage. At -18°C very little differences were obtained between the four zones.
If we consider the time/temperature evolution of the δF value in each zone, little significant differences were obtained in the case of the three light zones till month 6, that was followed by a general increase at the end of the storage at both temperatures. In the case of the dark muscle little significant differences were obtained at -18°C as a result of the storage time, although an increasing tendency could be inferred; at -11°C, an increase was observed after 3 months followed by no changes till the end of the storage.
Lipid hydrolysis
It can be observed ( Table 4 ) that hydrolytic activity has been very strong in the four zones as a result of the time/temperature conditions of the present experiment. As a general tendency in all zones considered, hydrolysis increased progressively with time and temperature, reaching at the end of the storage values round 40% (for the light muscle zones) and 12% (for the dark muscle) of total lipids at -11°C. Higher FFA contents were observed at -11°C than at -18°C in the four muscle zones, specially after 6 and 12 months.
Comparison of the different muscle zones showed very little differences between the three light zones. However, the dark muscle showed in all cases lower FFA contents than the other zones. Initial FFA value in the dark zone was very low because of the big proportion of neutral lipid classes responsible for the energy accumulation in the lipid form (18, 32) . The anterodorsal zone showed the highest FFA initial level; however, after 3 months of storage at both temperatures, no differences were obtained compared to the two other light zones.
DISCUSSION
Lipid damage has been studied through the hydrolytic and oxidative changes.
Hydrolytic activity provided the best assessment of lipid damage along the present experiment. Previous experiences on frozen storage of a lean fish agree with this result (33, 34), where this kind of damage determination is presented as a valuable tool in order to assess quality. Table 5 shows the correlation values obtained between FFA content and the storage time at both temperatures for the four muscle zones. In all cases, significant (p < 0.05) values were obtained.
In order to compare the rates of hydrolytic activity of the different muscle zones, a statistical comparison of the regression lines slopes was carried out (27). As a result, no differences (p<0.01) in the hydrolytic activity were obtained between the three light muscles at both temperatures. However, the dark muscle showed a lower (p<0.05) slope 
